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S evere sepsis is a syndrome characterized by systemic inflammation, coagulopathy, and acute organ dysfunction in response to infection (1) . Each year, there are approximately 750,000 cases in the United States, the majority of which are cared for in intensive care units (ICUs) and other intensive care settings (2) . Despite current supportive and antimicrobial therapy, short-term mortality remains very high at 30 -45% (2) (3) (4) (5) (6) . Recently, drotrecogin alfa (activated) (DrotAA), a recombinant form of humanactivated protein C with antithrombotic, profibrinolytic, and anti-inflammatory properties (7, 8) , reduced 28-day all-cause mortality following severe sepsis in a large randomized trial (Recombinant Human Activated Protein C Worldwide Evaluation in Severe Sepsis, or PROWESS) (9) . This led the U.S. Food and Drug Administration (FDA), the European Agency for the Evaluation of Medicinal Products, and many other national regulatory boards to approve DrotAA for the treatment of adults with severe sepsis. Notably, these agencies generally suggested restricting use to sicker patients. For example, the U.S. FDA recommended use in patients with high severity of illness determined, for example, by a high Acute Physiology and Chronic Health Evaluation (APACHE) II (10) score.
There are, however, important limitations to the PROWESS trial (11) (12) (13) (14) . One key limitation noted by Padkin et al. (11) and by Hinds (14) was the lack of follow-up beyond 28 days. Indeed, Ͼ40% of subjects alive at day 28 in PROWESS were still hospitalized (15) . Day 28 has been the typical end point in prior sepsis trials, but the few clinical and observational studies with extended follow-up (11, 16 -21) reported many subjects were hospitalized well beyond 28 days (20) and many subjects died in the following year (18, 21) and beyond (17) (18) (19) 21) . These data prompted an international expert panel to suggest follow-up of at least 3-6 months and longer if possible (22) . We therefore designed and initiated a crosssectional observational follow-up study of the subjects enrolled in PROWESS. The study had three aims: to determine the effect of DrotAA on hospital survival, to describe the long-term survival of the two treatment groups over the duration of follow-up, and to explore the results in select subgroups.
METHODS
Subjects. PROWESS was a randomized, double-blind, placebo-controlled trial evaluating the efficacy of DrotAA (Xigris, Eli Lilly and Company, Indianapolis, IN) in subjects with severe sepsis. Entry criteria were reported previously (9) . Briefly, after obtaining informed consent, study drug was administered as a 96-hr intravenous infusion at 24 g/kg/hr to adults presenting with severe sepsis. Subjects at high risk of bleeding and those likely to die of serious conditions other than sepsis within the 28-day follow-up period were excluded from the trial.
PROWESS enrolled and administered study drug to 1,690 subjects between July 1998 and June 2000. At ten centers (which enrolled 14 of 1,690 subjects), there were no 28-day survivors. The remaining 154 centers had one or more 28-day survivors potentially eligible for inclusion in the follow-up study. We conducted our follow-up between September 2001 and April 2002, yielding a potential follow-up range of 15-45 months.
Study Procedures. The original consent for PROWESS did not mention contact beyond day 28. Therefore, this long-term follow-up study was considered a new observational study requiring new ethical review and approval as per specific country and institutional guidelines. Follow-up was conducted by the PROWESS investigator team at each site. Methods included first contacting the subject or family by mail or telephone to obtain written consent. When consent was refused, no information was obtained. When we were unable to locate the subject or her family, if permitted by both national and institutional ethical guidelines, we used information obtained from review of medical records and public vital statistics data. For each subject, the site investigator recorded the last date known to be alive or date of death and the survival status at hospital discharge if the subject had not been discharged by PROWESS day 28. The subject was recorded as "lost to followup" at day 28 if she refused consent, attempted contact with her was unsuccessful and search of medical and public records was not permissible without consent, or search was permissible but no information was found. All investigators, subjects, and families remained blinded to treatment assignment during the follow-up period. We ensured data quality through site instruction and supervision regarding follow-up methodologies and through random and nonrandom data auditing by trained study monitors.
Statistical Analyses. The study was designed and conducted after the original PROWESS study had been published. All procedures and primary analyses were specified in advance by investigators at Eli Lilly and Company and at the University of Pittsburgh and provided to the U.S. FDA. We merged the follow-up data with the existing day 1-28 data collected in the original PROWESS cohort (9) . Of the 1,728 subjects enrolled in PROWESS, the primary analysis was conducted on the 1,690 subjects who received either DrotAA or placebo. We conducted our analysis on this cohort.
We compared subject characteristics for those with and without postday 28 follow-up using Student's t-tests and Pearson's chisquare tests. We compared hospital survival rates by Pearson's chi-square test. For survival time analyses, we compared treatment group survival curves using the Peto-Wilcoxon test using rho ϭ 1 (23) . This test disproportionately weights early deaths, which are more likely to be related to the initial episode of severe sepsis. Therefore, this test may be a better measure of how therapy affects deaths that occur early and are more likely to be due to sepsis. We repeated survival time analyses using the Mantel-Haenszel log-rank test, which treats all deaths equally, regardless of when they occurred. This test gives more in-between treatment assignment and baseline Acute Physiology and Chronic Health Evaluation (APACHE) II scores, suggesting qualitative differences in treatment effect with severity of illness. 
Conclusions:
The acute survival benefit observed in subjects with severe sepsis who received DrotAA persists to hospital discharge. The survival benefit loses statistical significance thereafter. Post hoc analysis suggests the effect of DrotAA varies by APACHE II score with improved long-term survival in subjects with APACHE II scores >25 but no benefit in those with lower scores. (Crit Care Med 2004; 32:2199 -2206) KEY WORDS: severe sepsis; mortality; drotrecogin; protein C; recombinant human activated protein C; Xigris; follow-up studies; survival analysis sight into how the therapy affects the longterm consequences of severe sepsis. All survival analyses were conducted on all available survival data, censoring subjects beyond last follow-up using traditional Kaplan-Meier methods (24) . We present analyses of survival time as survival curves from PROWESS day 1 until the proportion of the overall cohort still alive and in follow-up was approximately 20%, as per recent recommendations by Pocock et al. (25) . All events including those not represented in the figures remain in the analyses, consistent with these same recommendations. We also analyzed differences in landmark survival rates at the prespecified time points of 3 months, 6 months, 1 yr, and 2 1 ⁄2 yrs. The Kaplan-Meier estimates for the two treatment groups were compared using a Z-test based on Greenwood's standard error method (26) .
Before unblinding the merged PROWESS and follow-up data, we defined subgroup analyses based on four known predictors of sepsis-associated mortality: age (27, 28) , functional dependency (29, 30) , APACHE II score (10) , and number of organ dysfunctions (31) . The subgroups of age and preenrollment functional dependency were prospectively defined for the PROWESS trial and the cut-offs for these subgroups were age, Յ60 or Ն60; and functional dependency, preenrollment activities of daily living scale (32) Ͼ0 or not. Subgroups by the number of organ dysfunctions (1, 2, 3, 4, or 5) and APACHE II score by quartiles were defined pre hoc in PROWESS (9) . The decision to merge number of organ dysfunctions to single or multiple and the APACHE II score cutoffs in halves was prespecified before unblinding of the long-term follow-up data and was based on the U.S. FDA and European regulatory authorities' post hoc evaluation of the PROWESS data. We tested for treatment by subgroup interaction using Cox models and then repeated the primary analyses specified above on each subgroup.
We conducted survival analyses and treatment group comparisons in SAS (SAS Institute, Cary, NC) and S-Plus 2000 Professional Release 3 for PC (Insightful Corporation, Seattle, WA). We present median duration of survival times in all instances where the median was estimable (i.e., Kaplan-Meier estimated mortality exceeded 50% during the follow-up period). We assumed statistical significance as two-sided p value Ͻ.05.
RESULTS
Subjects. Follow-up is described in Figure 1 . Of the 1,690 subjects who received either DrotAA or placebo in PROWESS, 1,221 were reported alive at day 28 (9) . During the follow-up study, we learned that one subject in the DrotAA group originally reported as alive at day 28 in PROWESS had died postdischarge but before day 28. Therefore, there were 1,220 day 28 survivors. We established contact with 1,086 subjects or families of the 1,220 day 28 survivors but 38 declined to participate and follow-up was therefore censored at day 28. We were unable to obtain hospital discharge survival status on 32 subjects (12 subjects declined consent; unable to contact 20 subjects). Missing hospital discharge survival status was primarily the result of the inability of investigators in one country to provide follow-up information based on local regulations. Of the 134 total subjects whom we could not contact, we had ethical approval and access to medical and public records for 79 (the remaining 55 were censored at day 28). Thus, we had follow-up data beyond day 28 for 1,127 of the 1,220 subjects alive at the end of PROWESS. The characteristics of all subjects and those with and without postday 28 follow-up are presented in Table 1 .
Subjects lost to follow-up beyond day 28 were significantly younger than those with follow-up. For subjects lost to follow-up, comparisons of baseline characteristics between treatment groups are presented in Table 2 . There was no difference in the percentage of subjects lost to follow-up by treatment assignment (p ϭ .48). In subjects lost to follow-up, there were no significant differences in subject characteristics noted between treatment groups.
Beginning from PROWESS study day 1, follow-up rates were 100% (n ϭ 1690) at 28 days, 98% (n ϭ 1658) at hospital discharge, 94% (n ϭ 1589) at 3 months, and 93% (n ϭ 1575) at 1 yr. The longest follow-up was 3.6 yrs. After the study database was finalized and analyses were completed, we discovered that appropriate ethical approval was not obtained by one site, affecting two subjects. In com- pliance with good clinical practice guidelines (33), we reported this incident to the appropriate regulatory bodies and retained the two subjects in the analyses. Sensitivity analyses indicated the inclusion or exclusion of these subjects did not affect study results (data not shown).
Survival. In the 1,658 subjects with known hospital mortality status, the hospital survival rate was significantly higher in subjects receiving DrotAA compared with those receiving placebo (70.3% vs. 65.1%, p ϭ .03). Survival time-to-event curves by treatment assignment are presented in Figure 2 . In both treatment groups, survival continued to deteriorate rapidly beyond day 28 Subgroups. The survival time-to-event curves by treatment assignment for the different subgroups are shown in Figure  3 . In general, they resemble those of the overall study population, characterized by a high early mortality and "flattening" of the curves after 3-6 months. The main difference in the curves appears to be the initial mortality rates. The initial slopes of the curves of older subjects, subjects with prior functional dependency, and subjects with greater severity of illness (multiple organ dysfunction or APACHE II Ն 25) indicate more early deaths than their counterparts-younger subjects, subjects with no functional dependence, and subjects with lower severity of illness. Beyond 3-6 months, the slopes of all the survival curves were flatter and generally similar to each other.
There was a significant interaction between treatment assignment and the baseline APACHE II score, both evaluating APACHE II dichotomously (Ͻ25 or Ն25, p ϭ .0008) and as a continuous measure (p ϭ .01). In this post hoc subgroup analysis, those with APACHE II Ն25 treated with DrotAA had better over-all duration of survival (median survival time 450 vs. 71 days, p ϭ .0005 by Peto-Wilcoxon and p ϭ .0004 by Mantel-Haenszel log-rank) and higher landmark survival rates ( Fig. 3 and Table 3 ). In subjects with APACHE II Ͻ25, the mortality rate did not exceed 50%; therefore, a median survival duration was not estimable. There was no difference in duration of survival (p ϭ .18 by Peto-Wilcoxon and p ϭ .15 by Mantel-Haenszel log-rank; Fig. 3 ). There was a significant decrease in landmark survival rate at 1 yr for those with low APACHE scores who received DrotAA (p ϭ .04) but no difference at other time points (Table 3) .
We found no significant treatment assignment-by-subgroup interactions for the age, functional status, or degree of organ dysfunction subgroups (p values ranging from .55 to .91 for all interaction terms introduced into the Cox models). The median duration of survival in the DrotAA group compared with the placebo group was 252 vs. 130 days for older subjects (p ϭ .12), 107 vs. 76 days for subjects with prior functional dependency (p ϭ .47), and 936 vs. 681 days for subjects with multiple or- (44); d APACHE II-CHP, Acute Physiology Age and Chronic Health Evaluation (APACHE) II score chronic health points (10); e Acute Physiology Age and Chronic Health Evaluation (APACHE) II score (10); f APACHE II-APS, Acute Physiology Age and Chronic Health Evaluation (APACHE) II score acute physiology points (10); g organ system dysfunction classified as per Bernard et al (9) . gan dysfunction (p ϭ .14). Median duration of survival was not estimable for younger subjects, subjects with no prior dependencies, or subjects with single organ dysfunction because mortality did not exceed 50% during follow-up.
DISCUSSION
This is the first long-term follow-up of an agent shown to significantly reduce 28-day mortality following severe sepsis. Survival for both treatment arms contin-ued to fall rapidly over the first few months, consistent with prior findings (18) . Subjects treated with DrotAA had higher survival at hospital discharge, but there was no statistical difference between treatment arms in duration of survival or differences in survival rates at time points after hospital discharge. Of note, the treatment effect varied significantly with the baseline APACHE score. In post hoc subgroup analysis, there was a large, highly significant survival benefit with therapy in subjects with higher APACHE II scores but no evidence of benefit in subjects with lower APACHE II scores.
There are important limitations to this study. Although the 28-day PROW-ESS trial was powered to detect an overall difference in treatment effect, the longterm follow-up study was not. Because we had not obtained prospective consent for long-term follow-up at enrollment into PROWESS, we were encumbered with a number of logistic and ethical issues that would otherwise have never arisen or been simpler to address. Our study was cross-sectional, and therefore subjects were not contacted at regular and comparable time points. Furthermore, it was only practical to collect information on survival status and we have no data on other important domains such as posthospital resource use, functional status, quality of life, and satisfaction with care. One advantage of the late decision to initiate follow-up was that we had longer follow-up than would likely have been collected otherwise.
Our analysis plan was specified before conducting the long-term follow-up but we were already aware of the 28-day outcomes. Thus, although we maintained careful blinding procedures throughout the study, there was potential investigator bias in our analysis plan. However, our findings were robust to different analytic approaches. A common problem in follow-up studies is loss to follow-up. However, despite the challenges with the study, we had an excellent follow-up rate. Although we attempted to be restrictive in our subgroup analyses, we computed landmark survival rates at several time points. The resulting multiple comparisons increase the chance of a falsepositive result. In addition, the decision to treat APACHE II scores dichotomously and to compare single organ dysfunction to multiple organ dysfunction was made before conducting the long-term fol- (25) . The numbers of subjects at risk are indicated below the x-axis. low-up but after the 28-day results were known. Therefore, these subgroups should be considered post hoc, with the appropriate caution regarding their interpretation.
The survival rate in the placebo arm is similar to that reported by several other groups, including two single-center cohort studies from North America with 1-yr follow-up (16, 21) and an eight-center study from the United States with 6-month follow-up (34) . However, the survival is better than that reported for a large Veterans Administration study (18) for a cohort of patients from five U.S. hospitals (17) and for a multiple-center British cohort (11) . Possible reasons for these differences include differences in the patient populations and differences in the use of cointerventions (11), reflecting the heterogeneity both of severe sepsis and of severe sepsis care (35, 36) . Thus, the generalizability of our findings likely depends on the extent to which practice mimics that seen in PROWESS with regard to patient selection and management.
To interpret whether the apparent difference in treatment effect by APACHE score might reflect a true difference, we Figure 3 . Survival for prespecified subgroups. Kaplan-Meier survival curves in PROWESS subgroups of age (Ͻ60 yrs, n ϭ 741 vs. Ն60 yrs, n ϭ 949), functional status (independent, n ϭ 1220 vs. dependent, n ϭ 470, as measured by preenrollment ADL score ϭ 0 or not) (32) , Acute Physiology and Chronic Health Evaluation (APACHE) II score (Ͻ25, n ϭ 873 vs. Ն25, n ϭ 817), and degree of organ dysfunction (single, n ϭ 419 vs. multiple, n ϭ 1271). The dashed line is placebo and the solid line is drotrecogin alfa (activated). All four subgroup analyses were prespecified. There was a statistically significant qualitative difference in treatment effect by baseline APACHE II score evaluated dichotomously (Ͻ25 or Ն25, p ϭ .0008). There were no significant treatment assignment-by-subgroup interactions for age, functional status, or degree of organ dysfunction subgroups (p values ranging from .55 to .91 for all interaction terms introduced into the Cox models). OD, organ dysfunction. DrotAA, drotrecogin alfa (activated). a The Kaplan-Meier estimates for the two treatment groups at landmarks of 3 mos, 6 mos, 1 yr, and 2 1 ⁄2 yrs were compared using a Z-test based on Greenwood's standard error method (26) . considered the six criteria for interpreting subgroups proposed by Hill (37) and modified by Wedel et al. (38) : random chance, biological gradient, internal consistency, external consistency, confounding, and coherence/plausibility. First, it is possible the finding is by random chance. We conducted five treatment-by-subgroup tests of interaction, two of which were of APACHE II, treated as a continuous and as a dichotomous variable. Even by conservative correction for multiple tests, it is likely that the p value of .0008 for treatment by dichotomous APACHE II is significant. However, the possibility of an alpha error persists. Second, the treatment effect was larger in sicker subjects (i.e., subjects with higher APACHE II scores). Thus, the finding is in concert with a biological gradient.
Third, the finding appears internally consistent: The larger treatment effect with higher APACHE II scores was also seen using the original 28-day end point; other subgroup analyses stratifying subjects by severity of illness (e.g., degree of organ dysfunction) also found higher observed, although not significant, treatment effects in sicker subjects at 28 days (39) and in long-term follow-up; and nonmortal events, such as cardiovascular or respiratory dysfunction, which were more prevalent in subjects with higher APACHE II scores, resolved more quickly in those subjects receiving study drug (40) . Fourth, the finding also appears externally consistent in that it fits with the recent ADDRESS trial of subjects with low APACHE II scores or single organ dysfunction, which was stopped for futility. And, the finding fits with the metaanalysis by Eichacker et al. (41) , which suggested that biological agents targeting the sepsis cascade have larger treatment effects when the placebo groups have higher mortality rates.
Fifth, we are unaware of any reason why there would be confounding between APACHE II score and treatment allocation. Finally, it seems plausible that a drug which modulates the sepsis cascade may work better in patients with more severe sepsis. Furthermore, the adverse consequences of side effects such as bleeding may nullify potential gains through mitigation of the sepsis cascade in less sick patients. However, there are insufficient data from other trials by which to assess coherence of findings at this time. Thus, although the finding is post hoc and could be by random chance, we believe the decision by the FDA to recommend use of DrotAA in sicker patients, such as those with a high APACHE score, seems sound.
In our previously reported costeffectiveness analysis (42) , we estimated that each additional 28-day survivor would live an additional 12.3 yrs. Given an improvement in survival of 6.1% at 28 days, this translates into 75.03 additional years per 100 patients treated (0.061 ϫ 12.3 ϫ 100). The point estimate of longterm survival was a median increase of 267 days per treated patient, which is 26,700 days per 100 patients treated or 73.1 yrs ([267 ϫ 100]/365). Thus, the follow-up data from this study produce a very similar estimate to that used in our original cost-effectiveness analysis. In the high-risk APACHE II population, we previously reported a cost-effectiveness ratio of $27,400 per quality-adjusted life year, and Manns et al. (16) reported a similar cost-effectiveness ratio of $32,872 per quality-adjusted life year. The observation that the absolute reduction in mortality in the APACHE II Ն25 population does not diminish much between the 28day end point (13.0% absolute risk reduction) and the 2.5-yr follow-up period (12.0% absolute risk reduction) supports the idea that published cost-effectiveness estimates in this population are similarly valid.
Choosing one primary end point to evaluate the efficacy of an antisepsis strategy is difficult. Twenty-eight-day allcause mortality and hospital mortality appear to be relevant short-term end points. Sepsis is an acute process, and its major manifestation, acute organ dysfunction, is strongly associated with short-term mortality. Hence, an agent that modifies the sepsis cascade could mitigate the organ dysfunction and reduce subsequent short-term mortality. However, acute organ dysfunction was not associated with long-term mortality in those who survive the original insult, as shown in the SUPPORT cohort, a heterogeneous cohort of critically ill subjects (29) , and in subjects hospitalized with pneumonia (30) . Rather, factors such as advancing age and underlying health status appear to be more important (18, 28 -30) , and subjects who develop severe sepsis are frequently elderly and frequently have underlying disease (2) .
Given the number of subjects remaining hospitalized beyond 28 days in this and previous reports (20) and the high number of deaths beyond day 28, especially in sicker subjects, the U.K. Medical Research Council recommendation of combining a short-term primary end point with long-term follow-up seems prudent. The recent study by Rivers et al. (43) of early goal-directed therapy also reported outcomes beyond 28 days, finding a significant improvement in mortality at 60 days. Whether studies should be powered to find differences in long-term survival remains debatable. In this study, the statistically significant early absolute reduction in mortality at 28 days and hospital discharge diminished over time, suggesting that extremely large sample sizes would be required to detect statistically significant differences long-term for therapies targeting acute illnesses.
CONCLUSIONS
Long-term follow-up of a large multiple-center sepsis trial is feasible, but sample size may hamper interpretation of long-term survival curves. The treatment benefit with DrotAA noted at 28 days does persist to hospital discharge but is not statistically significant thereafter. The recommendation by the FDA to restrict use of DrotAA to sicker patients, such as those with higher APACHE II scores, is supported by our findings, although we urge caution in the interpretation of this post hoc analysis as outlined here. T he acute survival benefit observed in subjects with severe sepsis who received drotrecogin alfa (activated) persists to hospital discharge.
